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This dissertation presents the results of research undertaken for the characterization of bitumen 
and mastic which are constituents of Hot Mix Asphalt (HMA).   
 
The results of a large number of Dynamic Shear Rheometer (DSR) tests performed in the 
Laboratory of the Institute for Pavement Engineering at the TU Dresden form the background 
material for this work. The major objectives of this PhD research work were to gain a 
fundamental understanding about the mechanical behaviour of bitumen and mastic. The DSR 
tests undertaken included frequency sweeps for rheological behaviour, single stress creep 
recovery test (SSCR) for permanent deformation behaviour, Dresden cryogenic test (DDCT) 
for low temperature performance and fatigue testing with column cylindrical specimen. 
Selected tests were carried out on bitumen and mastic also to investigate the sensitivity of the 
materials to ageing. The frequency sweep data was also modelled using an appropriate 
rheological model to derive rheological data over a large frequency and temperature range. 
Based on the tests conducted, particular chosen parameters calculated were synthesized into a 
performance diagram which was developed within the framework of the dissertation. This was 
the main outcome of the PhD research work, which allows for optimum bitumen and mastic 
selection and ranking in terms of overall performance and specific desired criteria.  
 
Since this dissertation is a cumulative dissertation, it has been divided into three distinct parts.  
 
The first part forms a framework of the research undertaken and justifies the need and use of 
the dissertation in the future, along with explaining the test procedures in detail and resulting 
performance diagram developed using the data of three bitumen of the same penetration grade.  
 
The main part involves the published research – four journal papers and one chapter published 
in conference proceedings. The first paper uses the method developed to study one base bitumen 
and corresponding mastics with Limestone, Dolomite, Rhyolite and Granodiorite fillers. Other 
than understanding how fillers influence different mechanical properties, a main finding was 
that the specific surface area of the filler was the most sensitive parameter affecting the 
mechanical response of the mastics. Also, it was observed that the mastic prepared with 
Granodiorite filler showed the best fatigue and rutting resistance for this particular bitumen. 




Hence, the procedure could help identifying optimum filler-bitumen relations in advance. The 
second paper was about crumb rubber modified bitumen. This involved the study of four 
materials – one base bitumen and two different types of crumb rubber added different 
proportions. The results indicated an improvement in all performance-related properties by 
crumb rubber addition in bitumen and further allowing the ranking of materials. The third paper 
studied the feasibility of recycling a waste Ceramic powder as a filler alternative and it was 
found to have more superior performance than the commonly used Limestone filler. The fourth 
paper considers how addition of one filler, Limestone, to three differently-sourced bitumen of 
the same grade affects the properties of mastics. This study further emphasises the need to study 
mastics and predetermine the optimum filler-bitumen combinations that could avoid long-term 
maintenance costs. The fifth paper emphasises the need to move from current empirical testing 
to more specialised testing for bitumen by presenting different performance based results for 
three commonly used bitumen of penetration grade 50/70 that showed significant differences 
in the performance parameters. 
 
The third part of the dissertation is an additional section that includes the paper that was 
submitted to a journal and is currently in the second round of reviews under review. This paper 
studies fatigue behaviour of bitumen at different temperatures and frequencies using the 
Dissipated Energy (DE) approach. Fatigue functions were determined based on the relation 
between DE and the load cycle at failure. Based on these, a temperature was found to be a 
‘frequency-free transition temperature’ for this bitumen as the failure lines at this temperature 















Diese Dissertation präsentiert die Ergebnisse einer Forschungsarbeit zur Charakterisierung von 
Bitumen und Mastix, die als Bestandteil von Asphaltgemischen verwendet werden.   
 
Die Ergebnisse einer großen Anzahl von Dynamisches Scherrheometer (DSR) Versuche, die 
im Labor des Instituts für Stadtbauwesen und Straßenbau der TU Dresden durchgeführt wurden, 
bilden die Grundlage für diese Arbeit. Das Hauptziel dieser Dissertation bestanden darin, ein 
grundlegendes Verständnis über das mechanische Verhalten von Bitumen und Mastix zu 
gewinnen. Die durchgeführten DSR Versuche umfassten Frequenzsweeps für die Erfassung des 
rheologischen Verhaltens, Single Stress Creep Recovery Versuche (SSCR) für die 
Charakterisierung des permanenten Verformungsverhaltens, Dresden Cryogenic (DDCT) 
Versuche zur Erfassung des Verhaltes bei niedrigen Temperaturen und Ermüdungsversuche. 
Des Weiteren wurden ausgewählte Versuche am Bitumen und Mastix durchgeführt, um die 
Alterungsempfindlichkeit der Materialien zu untersuchen. Die Ergebnisse der Frequenzsweeps 
wurden ebenfalls mit einem geeigneten rheologischen Ansatz modelliert, um rheologische 
Charakteristiken über einen großen Frequenz- und Temperaturbereich abzuleiten. Schließlich 
wurde im Rahmen der Dissertation ein Performancediagramm für Bitumen und Mastix 
entwickelt.  Auf der Grundlage der durchgeführten DSR-Versuche konnten Parameter für 
dieses Performancediagramm synthetisiert werden.  
 
Da es sich bei dieser Arbeit um eine kumulative Dissertation handelt, wurde erfolgte eine 
Aufgliederung in drei Teile.  
 
Der erste Teil der Arbeit umfasst eine Zusammenfassung der durchgeführten 
Forschungsarbeiten. Insbesondere werden die durchgeführten DSR Versuche detailliert 
erläutert und das entwickelte Performancediagramm am Beispiel von drei verschiedenen 
Bitumen 50/70 dargestellt.   
 
Der Hauptteil der Arbeit umfasst vier Veröffentlichungen in Fachzeitschriften sowie ein  
Konferenzbeitrag. Die erste Beitrag widmet sich der Untersuchung des Einflusses von 
verschiedenen Füllern (Kalkstein-, Dolomit-, Rhyolith- und Granodioritfüller) auf das 
Verhalten von Mastix unter Verwendung desselben Bitumens 50/70. Dabei hat sich gezeigt, 




dass die spezifische Oberfläche des Füllers der entscheidende Parameter ist, der das Verhalten 
von Mastix beeinflusst. Es wurde auch beobachtet, dass der mit Granodiorit-Füller hergestellte 
Mastix die beste Ermüdungs- und Spurrinnenbeständigkeit für dieses spezielle Bitumen zeigte. 
Daher könnte das in der Veröffentlichung vorgestellte Verfahren dazu beitragen, das optimale 
Verhältnis zwischen Füller und Bitumen im Voraus zu ermitteln. Die zweite Veröffentlichung 
befasst sich mit gummimodifiziertem Bitumen. Dabei wurden vier Materialien untersucht - ein 
Grundbitumen und zwei verschiedene Arten von Gummigranulaten mit unterschiedlichen 
Anteilen. Die Ergebnisse zeigten eine Verbesserung aller leistungsbezogenen Eigenschaften 
durch den Zusatz von Gummigranulat im Bitumen. Die dritte Veröffentlichung untersuchte die 
Eignung von Keramikmehl als Füller für Asphaltgemische. Dabei konnte festgestellt werden, 
dass dieser Keramikfüller zu besseren Eigenschaften des Mastix für das verwendete Bitumen 
im Vergleich zu einem Kalksteinfüller führt. Die vierte Veröffentlichung befasst sich hier mit 
der Frage, wie sich die Zugabe eines Füllers (Kalkstein-Füller) zu drei Bitumen 
unterschiedlicher Provenienz, jedoch derselben Sorte auf die Eigenschaften von Mastix 
auswirkt. Diese Studie unterstreicht weiter die Notwendigkeit, Mastix zu untersuchen um die 
optimalen Füller-Bitumen-Kombinationen zu bestimmen. Die fünfte Veröffentlichung betont 
die Notwendigkeit, von den derzeitigen empirischen Versuchen an Bitumen, wie z.B. Ring und 
Kugel Versuch zu performance-orientierten Versuchen für Bitumen überzugehen. Am Beispiel 
der Ergebnisse von DSR Versuchen an drei verschiedenen Bitumen 50/70 wird gezeigt, dass 
diese Bitumen sehr unterschiedliches mechanisches Verhalten aufweisen. Verdeutlicht wird 
dieser Sachverhalt in einem Performance-Diagramm, welches ausführlich in der 
Veröffentlichung diskutiert wird.  
 
Der dritte Teil der Dissertation beinhaltet eine Veröffentlichung, die bei Fachzeitschriften 
eingereicht wurde und sich derzeit im Review befindet. Zusätzlich wurde in dieser Arbeit das 
Ermüdungsverhalten von Bitumen bei verschiedenen Temperaturen und Frequenzen mit Hilfe 
des Dissipated Energy (DE)-Ansatzes untersucht. Die Versagenslinien wurden auf der 
Grundlage der Beziehung zwischen DE und der Lastwechselzahl beim Versagen entwickelt. 
Auf dieser Grundlage wurde eine Temperatur als "frequenzfreie Übergangstemperatur" für 
dieses Bitumen ermittelt, da sich die Ermüdungsfunktionen bei dieser Temperatur bei beiden 
getesteten Frequenzen überlappen. 
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1.1 Background  
Transportation is one of the most vital factors that affect the economic and social development 
of any nation. Any inadequacies in the transport system would hinder the socio-economic 
development and prosperity of any country. An efficient transportation system, therefore, is 
extremely critical for any country’s success.  
 
There are mainly four types of transportation - road transportation, rail transportation, water 
transportation, and air transportation. Road transportation is the most common mode of 
transport due to its flexibility, availability and relatively lower costs. Roads are like the intrinsic 
nerves that connect anything to everything. They are of utmost importance as they contribute 
to the overall performance and functioning of the community by providing connections between 
the rural and urban areas, as well as, the industrial and residential areas. Roads allow the 
movement of not only men and materials, but also utilities such as water, electrical wires and 
phone cables, among others. 
 
Therefore, pavement design is a critical aspect of every urban community. The standard 
requirements of roads include safety and comfort for all its users – from the vehicle drivers to 
cyclists to pedestrians to the people using public transport. Furthermore, pavements should be 
economical, smooth, durable and have reduced noise pollution along with providing sufficient 
drainage facilities. In particular, it should be able to bear the subjected loads and distribute them 
onto a wider area of the soil subgrade below it. Based on their structural performances, 
pavements have been classified as rigid pavements and flexible pavements. Rigid pavements 
are made using Portland cement and aggregates while flexible pavements are made using 
bitumen and aggregates. The focus of this work is on flexible pavements.  
 
Flexible pavements or asphalt pavements can be used for the construction of the upper layers 
of a pavement. While the main contents of an asphalt pavement are bitumen and aggregates, 
bitumen can also be combined with polymers, epoxies, recycled products like tyre rubbers and 
other additives to enhance the performance of the whole asphalt mix. The behaviour of the 
asphalt mainly depends on the performance and interaction between its constituents. Therefore, 




for the design of pavements, understanding the material properties at different scales (i.e. 
microscale to macroscale) is imperative. 
 
Furthermore, in recent years, due to the increase in population, the traffic volumes have also 
escalated at an exponential rate. This escalation in traffic volumes has led to pavements being 
subjected to higher loads at greater frequencies, which in turn causes greater damage in a 
reduced time. Therefore, the goal of pavement engineers is to continuously find solutions for 
more economical and durable pavements that require little to no maintenance and are also 
environmentally sustainable. One of the ways to improve pavements is by use and choice of 
optimum and advanced materials based on desired performance requirements. The material 
properties used in the pavement should, therefore, be evaluated more realistically and rationally, 
specifically in terms of dynamic stress-strain response which a pavement would be normally 
subjected to. While aggregates are available naturally and relatively abundantly, other materials 
like bitumen need industrial processing which makes them expensive and environmentally 
unfriendly. Therefore, the use of such materials should be minimised without affecting the 
structural requirement of the pavement. As engineers and researchers, it is imperative that we 
design futuristic pavements that are economical, durable and sustainable. 
 
1.2 Current Challenges  
Road transport infrastructure is an essential component of a competitive and successful 
industrial society. They also represent a very high economic value. The Federal Transport 
Infrastructure Plan 2030 of the German government takes this fact into account by planning 
total investments of approximately €130 billion for the maintenance and construction of the 
federal road network [1]. While the development of new vehicles and intelligent transport 
concepts in Germany is primarily driven by industry, relatively fewer major innovations have 
been made in the field of road transport infrastructure in recent decades. This deficit is due on 
the one hand to a lack of research funds, which, unlike the marketable products of the 
automotive industry, are not provided by industry but mainly from public resources, and on the 
other hand to relatively rigid regulations which are hardly suitable for stimulating the creativity 
and innovation of German industry, engineers and scientists. As a result, most of the bitumen 
testing done still includes the decades’ old tests like penetration and ring and ball softening 
point tests. These tests are too empirical and do not provide sufficient performance-related 
properties but are still in use today.  




These circumstances have contributed to the fact that an increasing number of cases of damage 
and cracking in asphalt layers of pavements from the building industry as well as from the road 
construction administration are increasingly being reported within the warranty period before 
the designed lifespan. This damage can be attributed to insufficient bitumen quality and aging 
processes. Age hardening of bitumen is a major problem that remarkably affects the durability 
of the pavement. Once the bitumen hardens, the overall mixture becomes brittle, and its ability 
to undertake stresses and strains due to traffic considerably reduce. As a result, deterioration 
due to easily induced cracking can occur. Along with this, the adhesion bond between the 
aggregates and bitumen weakens due to excessive hardening, which leads to a loss in materials, 
further weakening the whole mix. Therefore, aging mechanisms and effects need to be analysed 
in detail as it is of the utmost importance for durability. 
 
Another important aspect to take into consideration is that even though the properties of 
bitumen greatly influence the characteristics of the mix, the filler-bitumen interaction and the 
effect of filler properties on the mix performance are not completely understood. The physical 
and chemical properties of fillers have shown to influence the rheological and mechanical 
properties of the pure binder. The mastic may therefore provide a better correlation to the final 
mix as it also considers the physiochemical aspects of the bitumen-filler interaction. Hence, 
mastic testing could in the future be an addition to existing binder tests. 
 
Furthermore, owing to the rapid growth of traffic volumes and an increment in heavy good 
vehicles, the existing pavement structures are subjected to larger stresses induced due to the 
ever growing heavy traffic. In most of the cases, the structures are not designed to withstand 
these severe loads. This, thereby, leads to degradation at a faster rate. Additionally, a significant 
percentage of the road infrastructure in Europe was constructed between the 1960s to the 1980s, 
post-World War II, during the economic recovery phase [2,3]. These roads are old and have 
already reached their critical lifespan. With the expected increase in population, comes a greater 
demand for methods to efficiently rejuvenate existing infrastructure and extend pavement 
lifespans.  
 
On the other side of the spectrum, there is a growing need for sustainability in construction. 
Bitumen is a natural resource and a non-renewable substance. The European Union in the past 
years has emphasized more on the dire need for the recycling of resources. Additionally, due to 




global warming and climate change, the weather has become inconsistent and does not follow 
the same trends anymore. For example, some regions now experience flooding due to increased 
precipitation, while others may experience elevated daily temperatures. The climate changes 
directly affect the pavements and therefore make one question, whether the desired durability 
and structure stability could be acquired by the typical traditional design methods currently 
used.   
 
From these challenges, comes the necessity to deepen our understanding of the constituents that 
make up a pavement and how their properties could be improved with little or no impact on the 
environment. There is also a need to rethink the pavement design methods, construction 
practices and maintenance of pavements to produce more durable, economical and sustainable 
pavement structures. It is critical to also consider the existing road infrastructure and question, 
how can they be adequately rehabilitated or reused and recycled. Furthermore, due to the limited 
finances in global budgets devoted to research and infrastructure, there is an urgency to develop 
dexterous economic solutions for road maintenance as well.  
 
To overcome these problems and to prepare the road infrastructure for the demands of the 
future, new testing approaches are required for the assessment of the constituents of a pavement. 
There is an immediate need for an in-depth understanding of how the constituents in a typical 
pavement interact with one another in the inhomogeneous mix, how they behave when 
subjected to loading and how their properties change and evolve as time goes on. Since current 
test methods for bitumen are too basic, they fail to provide useful information about the 
rheological properties of bitumen, and hence, there is a necessity to modify and develop new, 
appropriate testing methods and procedures to obtain a comprehensive binder characterisation.  
 
Therefore, in the last decades, there has been a shift in pavement research from focusing not 
only on a macro-scale but also on the micro-scale. In recent decades, there grew a need for not 
only asphalt testing but also bitumen performance testing, initiating in the US under the 
Strategic Highway Research Program [4,5]. Even though there has been significant growth in 
the study of bitumen behaviour in the last few years, the current literature is still relatively 
empirical and in a research and development phase instead of providing a definite 
understanding of complex fundamental bitumen phenomenon.  
 




1.3 Aim of the Thesis  
The purpose of this dissertation is to close the existing knowledge gaps and to add to the existing 
understanding of bitumen and mastics. The chief aim of the doctorate work was to develop a 
comprehensive testing methodology using the state-of-the-art DSR device, at TU Dresden’s 
laboratory for Pavement Engineering, which could be used to derive the mechanical behaviour 
of bitumen and mastics. This procedure would include testing to acquire information about the 
rheological behaviour, fatigue resistance, permanent deformation and low temperature 
behaviour of the materials, along with aging susceptibility. Furthermore, these results would be 
summarised and synthesized for providing a means for efficiently ranking materials based on 
specific and overall mechanical performance. 
 
The usage of the method would be then verified by testing a multitude of materials that include 
unmodified and modified bitumen, as well as mastics in unaged and aged conditions. For 
bitumen, it would enable in not only excluding qualitatively unsuitable bitumen during the 
production process but also control and manage the quality fluctuations that often occur, 
especially in bitumen. Moreover, for modified bitumen, conventional tests are not enough to 
understand their behaviour and provide efficient comparisons among materials, hence, the DSR 
tests would provide an alternative medium for detailed mechanical testing and comparisons. 
This would therefore allow for efficient comparing among multiple bitumen allowing for the 
choice of the best-suited material for the design road. For mastic studies, these results could 
help understand how the binder properties change once filler is added to bitumen at a certain 
proportions, which filler has the optimum characteristics in terms of rheology, fatigue, rutting, 
creep and low-temperature performance, and, lastly, how the properties change after simulation 
of long-term aging using a pressure aging vessel. This method, therefore, could open up new 
ways of assessing the quality of bitumen and mastics in order to not only act as quality control 
for mixtures but also guide in choosing the appropriate material based on chosen purposes and 
optimum bitumen-filler combinations in order to avoid long-term maintenance costs.  
 
1.4 Scope of the Thesis  
The scope of the thesis consists of three parts. The first part (Section 2) gives a brief overview 
of bitumen and asphalt mixtures and the research undertaken during the Ph.D. It shortly explains 
the mechanical properties of mixtures, the existing test methods, and the challenges faced in 
Germany. Additionally, the summary includes the DSR tests and the performance ranking 




diagram that were developed. These are presented in a way of presenting results of three 
bitumen of similar penetration grades. Lastly, recommendations are mentioned for future 
research ideas.  
 
The second part of the thesis includes the core research publications already published in 
reputed first quartile journals. This includes four publications – three journal paper published 
in first quartile journals and one published in a conference proceedings books.  
 
The third part incorporates research manuscripts that are already submitted to reputed journals 
and are currently under review. Two manuscripts are presented here that present a part of the 
studies conducted within the scope of the doctorate work.  
 
2 SUMMARY OF RESEARCH   
2.1 Asphalt and its Constituents 
2.1.1 Asphalt 
Asphalt or asphalt mixtures are the final pavement mixtures that consist of a combination of 
aggregates, filler, bitumen, and additives which are mixed together at an elevated temperature 
of 150° to 170°C. Asphalt is also referred to as asphalt concrete, Hot Mix Asphalt (HMA), 
simply asphalt, blacktop or bituminous mixture and is generally used as a surface layer of 
flexible pavements. This material is placed on a prepared unbound granular layer (UGL) and 
compacted using mechanical means. Once the asphalt cools down, it forms a hard surface with 
a higher stiffness than the underlying layers. Asphalt layers can carry both compressive as well 
as tensile stresses effectively. It is an inhomogeneous material with a complex temperature and 
frequency dependency [6]. It portrays elastic, viscous, and plastic deformation behaviour. The 
performance of a mixture is determined by its grain skeleton, which includes the course grain 
aggregates and the asphalt mastic - the bitumen and filler and how they interact with each other 
and with other constituents that make up the mixture. The mixture not only influences the 
quality but also the lifetime of the pavement [7,8]. 
 
Asphalt mixtures can be looked at from a multi-scale point of view - starting from a micro to a 
macro level, i.e. from the bitumen to the asphalt mixture level, including the levels in between. 
The different levels include bitumen, mastic, mortar, and finally asphalt. Bitumen is the binder. 




Mastics are mixtures of bitumen and fillers (less than 0.075mm). Mortars are a mixture of 
bitumen, fillers, and fine aggregates (smaller than 2.36mm). While asphalt mixes include 
bitumen, fillers, fine and coarse aggregates. Each of these mixtures has a great influence on the 
final asphalt mixture after construction [9]. While the coarse aggregates are primarily 
responsible for the load-bearing capacity of the structure, the bitumen and mastic phases deal 
with aging, cracking, fatigue, and moisture-related damage [10]. Overall, asphalt is composite 
and heterogeneous which makes it anisotropic. From there, comes a need to deepen the 
understanding at different scales of observation. This study of various scales would lead to a 
high design accuracy of the final mixture, thereby minimising the unnecessary overdesigning 
costs. Macroscale and mesoscale studies are also significant in today’s world as the focus of 
recent researchers lies in the prediction of the mixture using finite element models that require 
proper material properties and parameters to function accurately.  
 
2.1.2 Bitumen  
Bitumen is a dark viscous mixture made of hydrocarbons that is found naturally and can also 
be distilled as a by-product of the petroleum industry. The term ‘Bitumen’ has been believed to 
originate from the ancient Indian language, Sanskrit, where ‘jatu’ means pitch and ‘jatu-krit’ 
signifies pitch creating, which is related to the pitch of some resinous trees. The Latin synonym 
for this was suggested to be ‘pixtu-men’ or ‘gwitu-men’ which was later shortened to ‘bitumen’ 
in English [3].  
 
The use of bitumen dates as early as 3800 B.C. when natural bitumen was used as mortar in the 
Indus Valley and the Euphrates for masonry as well as for waterproofing purposes [11]. There 
are also multiple references found in the Bible for bitumen usage in the waterproofing of Noah’s 
arch and the cradle of Moses [3]. Additionally, bitumen was also used as an adhesive, 
disinfectant, and insecticide, while also having medicinal purposes [12]. The first applications 
of bitumen usage for road construction date as back as 600 B.C. in Babylon [2]. However, it 
was only in the mid-nineteenth century, when Europe rediscovered bitumen and used began 
utilizing natural bitumen for road construction. Natural bitumen use was reduced in the early 
1900s and was soon replaced by tar, which was further superseded by bitumen acquired by the 
distillation of crude oil [3].  
 




Bitumen is a complex organic material made up of hydrocarbons with minor amounts of 
functional groups that contain sulphur, nitrogen, oxygen, and other heteroatoms. These 
heteroatoms can significantly affect the polarity and functionality of the molecules, leading to 
major differences in the rheological properties of bitumen derived from different sources [5]. 
Due to its complex chemical composition and its property to readily age as a result of oxidation 
and thermal changes, the mechanical and chemical properties of bitumen change overtime. 
Furthermore, the bitumen properties severely depend upon the crude oil source and distillation 
processes. Hence, there are differences in mechanical performances observed among similar 
penetration graded bitumen [13]. Therefore, an interdisciplinary approach is required in order 
to garner a comprehensive understanding of bitumen and its mechanical behaviour, as well as 
its consecutive effect on the resulting bituminous mixtures.  
 
Bitumen is a thermoplastic material which exhibits viscoelastic behaviour. It behaves like an 
elastic solid at low temperatures (like glass), while it exhibits a fluid-like behaviour at higher 
temperatures, which flows readily when subjected to load. At intermediate temperatures (i.e. 
normal pavement temperatures), it has properties within the viscoelastic range, i.e. having both 
elastic as well as viscous characteristics [14]. Additionally, bitumen and bituminous mixtures 
are highly dependent on time and temperature conditions. Therefore, they exhibit mechanical 
behaviour that is difficult to comprehend, and which cannot be described using simple elastic 
models. However, it is this rheological behaviour of bitumen that makes them flexible and 
versatile materials for being used as paving binders in any habitable climate of the world [15]. 
Therefore, due to its complex behaviour, there is a requirement for wide-ranging test methods 
that consider specific mechanical behaviour.  
 
Since conventional bitumen is considered to have hit a performance ceiling, modified binders 
are being readily introduced. For the past decades, many additives have become available for 
bitumen modifications. These include Styrene Butadiene Styrene (SBS), Ethylene Vinyl 
Acetate (EVA), and Styrene–Butadiene Rubber (SBR) [16], among several others; which 
though effective, are very expensive [17]. A promising additive due to its ready availability is 
Crumb Rubber (CR), which is derived from discarded tyres. The addition of CR to bitumen 
binder has shown to enhance the physical properties of bitumen; while at the same time 
providing notable improvements in the rutting and fatigue resistance of the pavements 
[16,18,19].  




In addition, the quality of asphalt is currently defined in Germany using empirical requirements 
for each of its constituents. These include, in particular, requirements regarding bitumen 
properties (e.g. needle penetration, and ring and ball softening point) as well as volumetric 
specifications and degree of compaction [20]. Macro-mechanical testing of asphalt in the 
service conditions is not carried out due to the expenses associated with one to one testing 
facilities such as circular tracking test. To increase the durability of asphalt pavements, it is 
necessary to characterise individually the properties of both asphalt mixture and its constituents 
like bitumen and mastics [21].  
 
Furthermore, while the bitumen acquired may fulfil the existing standards (softening point, ring 
and ball, etc.), it fails to perform under heavy traffic conditions and changing weather 
conditions, thereby indicating the insufficiency of the conventional test methods. Also, bitumen 
ageing causes physical (hardening and rheological changes) and chemical changes (oxidation, 
evaporation, polarity changes, etc.) that occur within the structure [3,22,23]. Ageing can be 
simulated in the lab using a Rolling Thing Film Oven Test (RTFOT) for short-term and Pressure 
Ageing Vessel (PAV) for long-term aging. Hence, ageing is a critical aspect required to be 
considered when designing a road.  
 
While Bitumen has been utilized for a wide range of applications owing to its waterproofing 
and thermoplastic characteristics in recent years, it is primarily used for pavement construction 
and partly for airfield pavements. Together with making up for 85% of the worldwide bitumen 
consumption. Another 10% of bitumen is used for roofing purposes and the last 5% is utilized 
as sealants and insulants for other building materials, among other uses [24]. The bitumen used 
for road construction is called paving grade bitumen while the bitumen used for other purposes 
is known as industrial grade bitumen. Furthermore, in 2018, 297.9 million metric tonnes of 
asphalt were produced in Europe, out of which 41 million metric tonnes were produced in 
Germany [25].    
 
2.1.3 Fillers 
Any granular material used in the production of hot mix asphalt with a grain diameter of less 
than 75µm is considered a filler. When combined with bitumen, a bituminous mixture called 
asphalt mastic is produced. The influence of filler in the performance of the mastic and asphalt 
depends on the bitumen to filler ratio. When the filler content in the mastic exceeds 30% of the 




volume of 50% of the mass the effect of the filler to the performance starts to become relevant 
[26]. Recent studies have shown that fillers are more than just ‘void fillers’ and actively interact 
with bitumen [26–29]. The filler has demonstrated to affect the mechanical properties of mastics 
and asphalt mixtures [22,30,31]. Many researchers have concluded that the chemical, 
geometrical and mechanical properties of the fillers have a great influence on the performance 
of the mastics and the overall asphalt mixture [30,32,33]. Furthermore, the fillers also affect the 
ageing characteristics of the mastics [7]. They not only act as a ‘void filler’ but also act as an 
active material that affects the bitumen-filler interaction [27]. The fillers have a physical 
stiffening effect of the bitumen and have also shown to affect the moisture resistance, 
workability, and the compaction of the final mix [29,30,32]. 
 
2.1.4 Aggregates 
Aggregates make up 80 to 95% of asphalt by mass. Aggregates include coarse aggregates 
(particles greater than 2.36mm), fine aggregates (particles less than 2.36mm) as well as fillers. 
The main purpose of aggregates is to provide resistance to wear and deterioration of pavement 
surfaces. They also provide stability and strength to the asphalt by aggregate interlocking action 
and friction. Additionally, they provide a rough, skid-resistant pavement surface and impart 
durability to the structure against weathering and high wheel loads. Course aggregates usually 
consist of crushed natural rock or gravel, acquired from the quarry or river bed. Fine aggregates 
usually are acquired from sands or can also be manufactured by crushing rocks in the quarry. 
The aggregates and their proportions for a pavement are chosen based on the mix design and 
desired gradation.  
 
2.1.5 Voids 
Air voids are necessary in asphalt for additional compaction under traffic loading and for 
allowing the expansion of asphalt when there is an increase in temperatures without loss of 
stability or bleeding. The higher the void content, the higher is the permeability of a mix. 
Typically, a void content is between 2 to 4% depending on the mix design.  
 
2.2 Mechanical Properties of Asphalt 
Essentially, two major aspects of material properties in the M-E design of asphalt pavements 
are considered: (1) the stress-strain behaviour of the mixtures used to analyse critical stresses 
and strains in the pavement structure which include stiffness and Poisson’s ratio considerations; 




(2) the specific performance behaviours of materials that dictate the probable mode of pavement 
failure [34,35]. The chief distresses or modes of failure in pavements include permanent 
deformation (or rutting), fatigue damage, and thermal cracking.  
 
The key parameters used in a pavement mix design involves the analysis and determination of 
the respective proportions of binder, aggregates and voids. However, to comprehend the 
complete performance of asphalt, including the determination of specific characteristic 
behaviour and prediction of the mode of failure, it is important to calculate the mechanical 
properties of a mixture. These main properties include stiffness (rheology), permanent 
deformation performance, resistance to thermal cracking, and fatigue.  
 
The stiffness modulus of an asphalt layer is an indicator of how a material can withstand and 
spread the loading, thereby protecting the layers underneath. The stiffness varies as a function 
of temperature and frequency (i.e. corresponding to vehicular speed). The strain-stress response 
that occurs at low temperatures or short loading times is generally elastic and is characterised 
by high stiffness, whereas at high temperatures and low frequencies, viscous behaviour is 
evident with low stiffness moduli and with rutting problems. 
 
Fatigue cracking is a phenomenon of fracture under repeated or fluctuating loading that results 
in an accumulation of damage over time. The fatigue resistance of a material indicates the 
property of a material to endure repeated loading without fracture. In asphalt pavements, fatigue 
cracking happens to be one of the primary distresses and includes three chief phases- crack 
initiation, crack propagation, and eventual final failure [36]. The progressive damage causes 
the initiation of cracks at the bottom of the bituminous layers which then propagate upwards to 
the pavement surface in thinner asphalt pavements. On the other hand, in thicker asphalt 
pavements, cracks start at the pavement surface and then propagate towards the bottom of 
bituminous layers [37,38]. The parameter used to describe fatigue resistance is usually in terms 
of fatigue life, i.e. the number of cycles required to cause failure. Fatigue testing of asphalt is 
effort- and time-consuming. In addition, fatigue in asphalt pavements is a subject that is still 
not completely understood and hence, needs to be rigorously researched.  
 
Permanent deformation is another primary distress found inbound as well as UGL of the asphalt 
pavements caused because of repeated heavy-vehicular loading. This accumulative or 




irrecoverable deformation usually forms ruts at the pavement surface. Non-structural rutting 
problems exhibit distinctive shoulders on the road surfacing caused by accumulated permanent 
vertical strain confined to the bituminous layers, which can be solved by the overlap of wearing 
courses [39]. Structural rutting problems caused by accumulated vertical strain can be due to 
incorrect pavement design and occurs in the entire structure, including the bound and unbound 
layers. Rutting is one of the major reasons for pavements to require premature replacement as 
it severely affects the smoothness and serviceability of pavements. To counteract this problem, 
stiffer and leaner asphalt mixes were utilised but this leads to higher failures due to fatigue [40]. 
 
Thermal cracking distress in asphalt pavements are due to tensile cracks induced by low 
temperatures. These cracks occur due to tensile stresses that result in the contraction of 
pavements as temperatures reduce. The micro-cracking generally being at the pavement edges 
and surfaces, and with repeated thermal loading, transverse cracks develop that run down 
through the complete depth of a pavement. A major factor that influences the thermal cracking 
in pavements is the rheology of bitumen [41].  
 
Furthermore, while all these mechanical properties are very crucial, it is imperative to also 
consider the durability of the mix. While durability is not a measurable property, it represents 
the inherent characteristic of a mix to maintain its mechanical properties throughout the 
designated lifespan of the pavement. While many factors influence the durability of a mixture, 
ageing and moisture susceptibility are two of the most critical points of analysis [42,43].  
 
2.3 Existing Test Methods for Bitumen and Mastics 
2.3.1 Bitumen Testing  
This section has been divided into three sections: the first includes the traditional tests that have 
been and are still in use for decades and the second is the relatively advanced testing methods 
and third includes the German specifications for bitumen.  
 
2.3.1.1 Traditional Testing Methods 
The European Classification Method focuses on the penetrability of bitumen, found by the 
Needle Penetration Test (EN 1426) [44]. As a result, penetration tests are used widely to classify 
bitumen into different grades. These tests while simple and easy, are not based on any 
mechanical properties and do not consider the thermal susceptibility of the bitumen. Other 




empirical tests commonly used include the Fraass Method Breaking Point (EN 12593) [45], and 
Ring and Ball Softening Point (EN 1427) [46]. Moreover, the specifications for road bitumen 
in Europe are based on the hardness classification by penetration values while in the USA the 
bitumen used to be specified by the viscosity grading system (ASTM D 3381)[47]. The 
European equivalent for the dynamic and kinematic viscosity test are presented in EN 12596 
[48] and EN 12595 [49] respectively.  
 
The Needle Penetration test is the chief test according to European standards used to determine 
the consistency of bitumen in order to grade them by measuring the depth a standard needle 
would penetrate vertically under specific conditions of standard load, duration and temperature. 
In this, the measurement of the penetration (in units of one tenth of a mm) of a standard needle 
in bitumen sample maintained at 25°C is done at five seconds interval. Softer the bitumen, the 
higher is the penetration. B50/70 indicates a penetration value of the binder ranges between 50 
to 70 (1/10mm) of the standard needle. This test is most commonly adopted to classify the 
bitumen in terms of its hardness and simplicity. However, the disadvantages include that it is 
an empirical test and has no relation with the fundamental properties of the binder.  
 
The (Fraass Method) Breaking Point test is used to determine the breaking point of solid and 
semisolid bitumen. The Fraass Breaking Point is the temperature at which bitumen first 
becomes brittle, as indicated by the appearance of cracks when a thin film of the bitumen on a 
metal plaque is cooled and flexed in accordance with specified conditions. The temperature is 
decreased at a rate of 1°K/min. The test gives a rough estimation of the transition between 
ductility and brittleness of the bitumen. The apparatus consists of stainless steel plaque, cooling 
and bending apparatus, thermometer  (-38°C/+30°C), plate and stand. 
 
The Ring and Ball Softening Point test is used to find the softening point which is the 
temperature at which the bitumen attains a particular degree of softening under specific 
conditions of the ring and ball test. Here, a brass ring containing the test sample of bitumen is 
suspended in a beaker in a liquid bath. A steel ball is placed on the bitumen sample and the 
liquid medium is heated at a rate of 5K/minute. The temperature at which the bitumen touches 
the metal plate placed at a specified distance (25.4mm) below the ring is the softening point. 
Harder grades of bitumen possess higher softening points than softer bitumen.  
 




Another common test is the viscosity test that measures viscosity which is the property of a 
liquid that retards its flow due to internal friction and represents a measure of resistance to flow 
and hence. The dynamic viscosity is generally calculated by measuring the time required for a 
certain volume of bitumen to flow at 60°C in a glass capillary viscometer using the vacuum 
method. This method is considered to be a suitable indicator of the permanent deformation 
behaviour of bitumen. Kinematic viscosity on the other hand is measures at 135°C and is 
calculated by measuring the time taken for a certain bitumen volume to pass through a glass 
capillary viscometer under the influence of gravity.  
 
The penetration grading and viscosity grading are limited in their ability to fully grade binders.  
In addition, these test methods do not give an indication of the viscoelastic nature of bitumen 
at any particular test temperature and do not have the flexibility to be undertaken at different 
loading modes[5]. Hence, in the late 80s through early 90s, the Strategic Highway Research 
Program in the U.S.A. considered closely all aspects of highway engineering and created new 
methods of testing and specifying asphalt binders. As a result, a new US binder specification 
called Superpave (Superior Performing Pavements) was developed.  
 
2.3.1.2 Advanced Testing Methods 
The primary purpose of the Superpave specification is to facilitate the construction of a superior 
quality bitumen product. The Superpave performance grading relates all the asphalt binder 
properties and the conditions under which it is used to its performance. The most crucial 
advancement is the move from empirical testing of bitumen to advanced functional testing, 
where the binder can be graded at a controlled rate and temperature so as to obtain the 
engineering properties of the binder. The Dynamic Shear Rheometer (DSR) (AASHTO T315) 
[50] and Bending Beam Rheometer (AASHTO T313) [51] replace the normal viscosity and 
penetration tests, respectively. European standards have adopted some of these tests and are 
briefly explained below. 
 
Using the DSR, rheological testing and permanent deformation testing have been developed in 
the recent decades. The dynamic shear modulus and phase angle can be calculated as an 
indication or the rheological behaviour of bitumen and its mixtures using a DSR within a 
temperature between 10°C to 90°C and frequency between 0.1 to 10Hz as specified in the EN 
14770 [52]. The shear modulus and phase angle are calculated in terms of oscillatory stress and 




resulting strains. The creep recovery test mentioned under the EN 16659  standard [53] is used 
to predict the permanent deformation behaviour of bituminous mixtures and is done using the 
DSR at 60°C with the 25 mm parallel plate. In this, usually two parameters are calculated – the 
percent recovery and the non-recoverable compliance values. Here, the specimen is subjected 
to stress (usually 3.2 kPa) for one second, and nine seconds are allowed for relaxation. These 
steps are repeated ten times and the resulting strains are measured for each cycle.  
 
The flexural creep stiffness determination test is done using a bending beam rheometer at low 
temperatures. It involves a beam shaped specimen in placed in a liquid bath and is subjected to 
a three-point bending loading for a certain time duration at lower temperatures. The resulting 
deflection is measured with time and the stiffness is calculated from the stress applied and the 
resulting strain values. This test is designed to determine the creep stiffness at low service 
temperatures [54].  
 
While these tests now exist, there is no compulsion to use them in Germany. They are simply 
an additional component that are gradually gaining popularity [20]. These tests have however 
long in use in the US and Europe is slightly lagging behind in terms of accurate bituminous 
testing.  There is, therefore, a strong need to develop newer and more efficient testing and 
classification methods.  
 
2.3.1.3 Bitumen Standardisation 
The DSR is a state-of-the-art equipment that has been in use only in the last few decades. It was 
started under the Strategic Highway Research Program [4,5] in the USA and was eventually 
included in the Superpave binder specifications of AASHTO T 315 [55]. While there have been 
development in the field of Bitumen testing especially in the USA, Germany is still lagging a 
little behind. The requirements in Europe for bitumen have been described in the standards EN 
12591[56] and EN 14023 [57] by European Committee for Standardization (CEN). The 
committee allowed every country to choose sections and implement them into their standards. 
Germany also implemented the parts of this into their TL Bitumen standards for unmodified 
and polymer modified bitumen [58]. Furthermore, German authorities now require additional 
details from the bitumen supplier and its user. While on paper the changes with additional 
testing for bitumen were included in standards like TL Bitumen-StB 07, 2013 [58],  the German 
testing laboratories are still developing the required competency to adapt to the changes [20]. 




The authorities want to ensure consistent material properties throughout the supply chain. The 
table below show the requirements for paving grade bitumen (Table 1) and polymer modified 
bitumen (Table 2) as specified in the German standard TL Bitumen-StB.  
 
From Table 1 and 2 it can be seen that in Germany, it is required to simple do empirical testing 
on bitumen. Testing using the DSR or BBR are not compulsory here. The MSCR test was 
recently added in 2016 into the German Standards [59]. While tests done using these devices 
are well-known world-wide and already in use for decades in the US and other countries, there 
is still a reluctance to employ these methods.   
 
Table 1 - Paving Grade Bitumen Requirements [20] 
 
 




Table 2 - Polymer Modified Bitumen Requirements [20] 
 
 
2.3.2 Mastic Testing  
While bitumen testing has made some strides, mastic testing is a completely advanced field of 
study that is slowly gaining popularity. However, the effect of the physical and chemical 
composition of fillers on the asphalt mixture is contradictory [60]. It is therefore advantageous 
to have detailed specifications for bitumen and mastics that take into consideration the intrinsic 
phenomenological behaviour of the materials to help in bitumen and filler selection based on 
desired performance criteria. Accurate mechanical performance for bitumen and mastics could 
be derived using just one single machine - the DSR.  
 
Studies on mastics are focused on studying the choice of suitable fillers, alternative fillers, 
optimum filler proportions, bitumen-filler interactions, effect of its chemical properties on 
mechanical performance and ageing characteristics of bituminous mixtures. Furthermore, at the 
moment, there exist no standards or specifications regarding mastics, which makes it a state-
of-the-art and interesting field of study that could help us deepen our understanding of the 




asphalt pavement performance and the interaction of the constituents with one another. 
However, mastics are a state-of-the-art study area that are slowly gaining popularity. There is 
a lack of clear understanding as to what the role of the filler truly is and how it interacts with 
bitumen [22,23]. 
 
Additionally, it is also important to note that not only the binder, but also the bitumen-aggregate 
interaction affects the ageing process. Based on the aggregate and filler type, the ageing 
performance of the same binder will differ due to the mineral composition of an aggregate 
surface, the chemical and physical properties of the aggregate and fillers along with the 
orientation of the polar molecules in the binder present in the vicinity of the binder-mineral 
surface interface [61]. They also concluded that the aggregates affect binder ageing via two 
mechanisms - adsorption and absorption. The adsorption signifies the adhesion of fractions or 
polar groups of bitumen onto the aggregate surface while absorption deals with exudation of 
the lighter molecules of bitumen within the pores of aggregates and fillers [62]. These surface 
phenomena break the proportional fractional balance that exists within the binder and lead to a 
poorly dispersed binder, affecting the bitumen-ageing rate [61]. Moreover, the mineral and 
chemical components present on the aggregate surface could act as catalysts or retarders for the 
ageing reaction, hence present various contradictions [63].  
 
2.4 Dynamic Shear Rheometer  
The Dynamic Shear Rheometer (DSR) is an appropriate equipment that could be used to test 
the mechanical performances of bitumen and mastics. This dynamic oscillatory test apparatus 
that can be used to describe the linear viscoelastic properties of bitumen and mastics over a 
range of temperatures and frequencies. It applies a sinusoidal shear strain or shear stress to a 
sample sandwiched between two parallel disks and measures the corresponding stiffness and 
viscosity at a magnitude of temperatures. A schematic diagram of the typical testing geometry 
and the DSR at TU Dresden is presented in Figure 1. The upper plate applies an oscillatory 
torsional load on the specimen while the lower plate remains fixed thus imposing shear on the 
specimen. The DSR equipment is connected externally to a computer in which a software is 
used to control the equipment and the applied load, concurrently measure the material response 
and thus, display the results via a graphical user interface or via an external text file.  
 




As the DSR only takes two measurements, namely torque (τ) and angular rotation (θ), the 
remaining mechanical properties are calculated in response to these two parameters. The 
software automatically calculates the dynamic shear moduli and phase angles by measuring the 
applied stress, the resulting strain in the specimen along with the time lag between the stress 
and the strain. The amplitude of the stress is measured by determining the torque transmitted 
through the sample in response to the applied strain or vice versa.  
 
Slowly further tests like the Multiple Stress Creep Recovery (MSCR) for rutting [64] and Linear 
Amplitude Sweep (LAS) for fatigue [65] were added to the American Standards. These tests 
are all done using the parallel plate geometry. While the most commonly used configuration 
worldwide is the parallel plate geometry, the DSR companies are developing more and more 
configurations to assist in different parameter testing and calculations. The DSR at TU Dresden 
has four different configurations. Further details about the DSR are provided in the next section.  
 
 
                     (a)                                                                      (b) 
Figure 1 a) Schematic DSR testing arrangement b) DSR at TU Dresden 
 
2.5 DSR Laboratory Procedure  
The informative value of the tests currently used in Germany to determine bitumen properties  
is very limited, inaccurate and outdated when it comes to assessing the performance properties 
of bitumen [21]. Meaningful information about relevant rheological properties of bitumen and 
specialised rutting, fatigue and low temperature behaviours is required. Therefore, new, suitable 
and more meaningful methods have to be developed which allow a comprehensive 




performance-oriented characterisation of bitumen and mastic mixtures. This section therefore 
shows exemplary DSR procedure developed to characterise bitumen and mastic characteristics.  
 
The DSR is currently the most commonly used test instrument for the determination of the 
rheological properties of bitumen, and thus, it was the chief instrument used for the study of 
various materials including mastics. These tests are explained briefly in the sub-sections that 
follow by presenting results of three bitumen of penetration grade 50/70. This whole procedure 
has then been transferred to mastics and modified bitumen in the core and submitted 
publications presented in Part I and Part III with detailed topic specific literature review.    
 
 
Figure 2 Specimens for the strain frequency sweep (left), MSCR and cooling tests (middle), specimens 
for the fatigue tests (right) [22] 
2.5.1 Shear Strain & Frequency Sweep Tests  
These tests were conducted for materials at temperatures of -10°C, 10°C, 30°C, 50°C and 70°C 
in order to determine the linear viscoelastic (LVE) limit strains. The LVE limit is generally  
defined as the strain value where the dynamic shear modulus gets reduced by 5% of its initial 
value. These strain limits found were further reduced by 20 %, to ensure that the LVE region 
was maintained during the temperature and frequency sweep tests that followed (Figures 3 and 
4).  





Figure 3 Strain Sweep Test Results for a bitumen 
 
 
Figure 4 Curve Shifting of the LVE Limit for a bitumen 
 
Using these strain limits as inputs, two frequency sweep tests were then conducted; (a) at 
temperatures from -10°C to 30°C using an 8 mm diameter plate with specimen thickness of 2 
mm and (b) at 30°C to 70°C using a 25 mm diameter plate and 1 mm thick specimen in the 
frequency range of 0.0159 to 79.6 Hz. The difference in the diameter plate was due to the range 
of stiffness of the materials at the selected temperature ranges (i.e., lower temperatures required 
smaller plates due to the high stiffness of the materials). Typical frequency sweep results are 

































































(a)                                                                        (b) 
  
(c)                                                                      (d) 
Figure 5 Typical Frequency Sweep Test Results: (a) Isothermal Plots for |G*| (b) Isothermal 
Plots for δ (c) Cole-Cole Plots (d) Black Diagram for a bitumen 
 
From these tests, rheological data (i.e. dynamic shear modulus and phase angle) was acquired 
and using the Time-Temperature-Superposition Principle (TTSP) and the mechanical 2 Spring-
2 Parabolic-1 Dashpot (2S2P1D) model [66,67], master curves were constructed. The TTSP 
was done using the Williams Landel Ferry (WLF) equation along with the 2S2P1D model [6], 
which can be used in analysis of rheological responses for viscoelastic bituminous material. 
The TTSP allows the construction of master curves at a reference temperature by applying a 
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materials at various temperatures assuming that the material behaves thermo-rheologically 
simple [68]. Typical master curves for three bitumen in different ageing conditions are 
presented as follows in Figure 6. 
 
 
Figure 6 Master curves of dynamic shear modulus for 3 bitumen (B1, B2, B3) in 3 ageing 
conditions (unaged, RTFOT aged and PAV aged) [13] 
 
Using the rheological data, the stiffness and phase angle values can be compared at chosen 
conditions, commonly being at 20°C and 60°C as they are representative of the fatigue and 
permanent deformation behaviours. Additionally, it is common practise to find the ageing 
index, which is a ratio of any aged property to the unaged property at the same conditions for a 
material. For the three bitumen, the following ageing indexes were found as presented by Figure 
7 for two ageing and two temperature conditions. The lower the ageing index, the lower is the 











































Figure 7 Ageing Index for dynamic shear modulus [69]  
 
2.5.2 Single Stress Creep Recovery (SSCR)  
SSCR tests were conducted to assess the rutting resistance of the admixtures on RTFOT aged 
materials. SSCR tests were conducted on three replicates per specimen at 60°C for the 25 mm 
plate, and at 10°C for the 8 mm plate. In these tests, a stress of 3.2 kPa was applied for 1 sec, 
while allowing the material to recover for the next 9 sec. This procedure was repeated for 10 
cycles. The percentage recovery (%Rec) and the non-recoverable compliance (Jnr) were 
obtained for each cycle and then averaged for every sample [70]. The two parameters, Jnr and 
%Rec were obtained using the following equations: 
                                                    %𝑅𝑒𝑐 =  
𝜀1−𝜀10
𝜀1
∗ 100      [%]                                              (1) 
                                                       𝐽𝑛𝑟 =  
𝜀10
100∗3.2
       [𝑘𝑃𝑎−1]                                                 (2) 
where ε1 is the strain increment at the end of the creep phase of the first cycle, and ε10 is the 
strain increment at the end of the relaxation phase of the tenth cycle. 
 
The results of the SSCR tests for the different bitumen (unaged and RTFOT aged) can be 
compared using the parameters Jnr, R  and the resulting terminus damage are shown in Table 3 
and graphically with the help of the recorded deformation curves in Figure 8. The lower the Jnr 
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Table 3 Results of the SSCR tests 
Material  Jnr [kPa-1] R [%] Cumulative Strain after 10 cycles [%] 
B1  3.22 1.45 102.99 
B2  1.68 6.31 55.10 
B3  2.44 3.76 68.56 
B1 RTFOT 0.45 22.13 14.48 
B2 RTFOT 0.66 15.23 21.25 
B3 RTFOT 0.45 21.47 14.25 
 
Bitumen B1 shows the largest permanent deformation, followed by bitumen B3 and lastly, 
bitumen B2 in unaged conditions. However, after ageing, bitumen B2 RTFOT had the highest 
Jnr value and the lowest resistance to plastic deformation. While bitumen B1 RTFOT and B3 
RTFOT had identical values of Jnr and identical deformation curves. 
 
Figure 8 SSCR Test Results [13] 
 
2.5.3 Cryogenic Tests (Dresden Cryogenic Tests (DDRT)) 
Cooling in winter temperatures lead to cryogenic tensile stresses in the asphalt. These stresses 
can be compensated to a certain extent by the tensile strength of the asphalt, which also increase 
with decreasing temperature. The tensile strength, however, only increases on cooling up to a 
limit value depending on the bitumen used. After falling below this limit, the increasing 
embrittlement leads to a decrease in tensile strength. As a result, on further cooling, the 
temperature (breaking temperature) is reached at which the cryogenic tensile stresses exceed 
the tensile strength of the asphalt and thus lead to cracking (cold crack) in the asphalt. In 
conjunction with the tensile stresses induced by traffic loads, the crack can also occur at 



























can start at the interface between mastic mixture and rock or within the bitumen film [72]. 
Therefore, the cryogenic behaviour of the binder and the adhesion to the rock have a decisive 
influence on crack formation in asphalt [73]. 
 
As a result, the Dresden Cryogenic Test (DDCT) was developed to test cryogenic performance 
of bituminous mixtures [22].  This recently developed test  procedure corresponds to a scaled-
down version adapted  for the DSR from  the  German  standard  DIN  EN  12697-46 [74]. The 
tests were carried out on prismatic samples (Figure 2). The dimensions of the prismatic samples 
were 50 mm x 4 mm x 9 mm (length x width x height). The specimens were attached to the 
upper spindle and the lower base plate of the DSR and cooled down from 20°C to -15 °C with 
a cooling rate of -10 K per hour. The specimens were then left for 2 hours at -15 °C and kept at 
a constant specimen length (relaxation phase) [22]. Throughout the entire experiment, the axial 
stress resulting from the temperature change was measured while keeping the sample length 
constant. The lower the exerted stress is, the better the material is expected to perform under 
the low temperatures. After the cooling and recovery cycle, the material is once again heated 
from -15°C to 20°C at the same rate, and this denotes the heating cycle. Figure 9 shows the 
typical cryogenic test.  
 
Figure 9 Full cryogenic cycle for the bitumen [22] 
 
The results of a typical cryogenic cycle are presented in Figure 10, however without the 
recovery period. The cryogenic stresses at -15°C is taken as the key parameter for low 
temperature behaviour determination. The lower the thermal stress exerted by the specimen, 






































Figure 10 Cooling Cycle of Bitumen [69] 
 
Furthermore, the recovery of stress took place by leaving the material at -15°C. These values, 
along with the recovery percent are presented in Table 4. It can be observed that the bitumen 
showed a recovery of the range 62-73% while Bitumen B3 had the highest recovery values. 
 
Table 4 Cryogenic Stress parameters [69] 
Material 
Cryogenic stress at  
-15°C [N/mm2] 
Cryogenic stress after 





B1 0.04 0.0151 62.25% 
B2 0.13 0.0391 68.15% 
B3 0.09 0.0244 72.89% 
 
2.5.4 Fatigue Tests  
Fatigue cracking is a major distress in asphalt pavements and is a result of repeated cyclic 
loading that leads to an accumulation of damage and cracking [36]. The fatigue failure for 
asphalt mixtures has been characterised using different approaches that include 
phenomenological techniques, continuum damage mechanics, fracture mechanics and lastly, 
energy dissipation methods [36,38,75]. In the past decade, multiple fatigue tests have been 
developed and implemented on asphalt mixtures [76]. In Germany, however, the Indirect 
Tensile Test (IDTT) and the flexural four-point bending test are most commonly used. 
However, most fatigue tests are time and effort consuming and can be comparatively expensive. 
Owing to these shortcomings and considerable research showing a strong relationship between 

























focus on experimentally characterising fatigue in asphalt binders and mastics is a state-of-art 
field of study and has significant research potential [22,77–80].  
 
Furthermore, there are protocols to estimate the fatigue resistance of bitumen using rheometers, 
like the time-sweeps and the Linear Amplitude Sweep (LAS) [81]. However, due to the frequent 
debonding problems associated with the plate-plate configuration and therefore, sometimes the 
binder-steel plate bond is tested rather than the actual fatigue of the bitumen[78]. Furthermore, 
the gap between the plates have to be increased for modified bitumen and mastics [82]. In 
addition, while the LAS test is relatively fast and can be easily performed, it is based on 
complicated theory and assumptions which may not be necessarily true [83,84].  
 
Stress-controlled fatigue tests were conducted using cylindrical bitumen column specimens at 
10 Hz and at an intermediate temperature of 20°C [22,85,86]. The cylindrical columns were 20 
mm high, with the effective testing section being 11 mm in height and 6 mm in diameter (Figure 
11). Steel rings (outer diameter 8 mm, wall thickness 1 mm, and 4.5 mm in height) were fixed 
at both ends of the column to install the sample on the rheometer. The sample was fixed at the 
bottom and subjected to torsional load at the top. Nine fatigue tests were conducted for each 
admixture, using three replicates at three different stress levels. The results were analysed using 




Figure 11 Fatigue sample dimensions (left) and Silicone Mould (right) [88] 
 
In addition, the fatigue tests were done in a stress controlled mode as it is commonly done for 
asphalt fatigue tests [89] in Germany. The geometrical configuration herein proposed, on the 
contrary, overcomes this issue, at the time that is provides the full fatigue curve of the material 




and not just an index that provides information on the expected fatigue resistance of the material 
[90].  
 
Furthermore, fatigue data can also be presented in terms of hysteresis loops and as dissipated 
energy. The dissipated energy per cycle represents the difference between the applied and 
recovered energy and equals the area within the hysteresis loop [91]. It can be easily calculated 
by numerical integration from time t0 to t6, which presents one complete loading-unloading 
cycle as seen in Figure 12. Figure 12a shows the typical sinusoidal curve for applied stress and 
resulting strain, which is delayed by a phase lag. The whole cycle can be broken into two parts, 
as in a DSR the loading once takes place in the one direction, and then in the other direction. 
Here, from t0 to t3 is TR (right direction) and t3 to t6 are TL (left direction). Figure 12b shows the 
resulting hysteresis loop due to the above cycle and with the use of integration via various limits 
between t0 to t6, the area covered within the hysteresis loop can be found. The applied energy 
is equal to the sum of the areas covered under firstly t0t1t2 and secondly under t3t4t5. The 
recovered area is presented under t2-t3 and t5-t6 using the black lines. The subtraction of the 










































Figure 12 a) Typical Stress-Strain Cycle b) Resulting Hysteresis Loop [92] 
 
Further details about the test can be found in the third part of the dissertation, which holds a 
whole paper on fatigue test at different temperatures and frequencies titled, ‘Dissipated Energy 
Based Approach to Assess the Influence of Temperature and Frequency on the Fatigue 
Response of Bitumen.’[92] 
 
The fatigue test results throughout were analysed using the energy ratio method which states 
that the dissipated energy of bitumen at failure can be calculated at the point where the product 
of number of load cycles and the corresponding dynamic shear modulus is a maximum [38]. 
For the fatigue tests results presented here, the stress levels were chosen in a way, so as to 
maintain an initial strain level at 100 load cycles within the range of 0.5 to 2.0%. Due to this, 
the unaged bitumen were tested usually in a stress range of 100-200 kPa, RTFOT at 150-250 
kPa and PAV at 250-400 kPa [13]. This is expected due to an increase in stiffness with an 
increase of ageing, therefore, resulting in a higher elastic behaviour and a lower strain at the 
same stress. The fatigue curves at three different ageing conditions are presented as an example 































Figure 13  Stress fatigue curves for the bitumen tested 
 
From the figure, it can be observed that while there are clear distinctions between the unaged, 
RTFOT and PAV-aged curves, the ranking among the materials becomes clearer with ageing. 
At unaged condition, the curves tend to overlap, while for RTFOT and PAV, the bitumen B2 
has clearly the best performance with yielding the highest fatigue life at any given stress level.  
 
For the synthesis of results diagram presented in the next section, the stress level required to 
cause failure at a load cycle value of 100,000 in PAV aged conditions was used as a 
characteristic parameter for estimating the fatigue behaviour of the materials (Table 5). The 
previously used characteristic parameter in the form of the number of load cycles until the 
macro-crack criterion is reached at a stress level of 450 kPa [78] was adapted. 
 
Table 5 Fatigue performance parameter 




B1 RTFOT 222 
B2 RTFOT 320 
B3 RTFOT 212 
B1 PAV 325 
B2 PAV 350 











































2.6 Performance Diagram 
For a summarizing and comparative evaluation of the behavior of bitumen, a network diagram 
was developed for the ranking of bitumen. The following six performance-oriented material 
criteria were considered:   
• Shear stiffness (complex shear modulus) at 20°C and 60°C and 10 Hz - unaged 
• Fatigue behaviour (stress at a fatigue load change rate of 100,000) - PAV aged 
• Low temperature behaviour (cryogenic stress reached at -15°C) - unaged 
• Ageing sensitivity with regard to stiffening (ageing index at 60°C, 10 Hz) 
• Resistance to plastic deformation (Jnr value) 
 
Figures 14 shows the performance diagrams in which the bitumen can be directly compared, 
evaluated and ranked according to their performance-relevant properties. The axis are presented 
in such a way that, the larger the area inside, the better is the overall performance. From the 
figure, the ageing indexes, cryogenic stress and Jnr value axis are reversed, as performance 
relates inversely to these parameters. Therefore, for Figure 14, bitumen B1 is best overall 
performing material based on the selected criteria as it has the highest overall area. Furthermore, 
using the diagram, materials can be chosen based on specific required performances. For 
example, if permanent deformation is more critical for the road one is constructing, then if the 
Jnr axis is observed, instantly, B1 or B3 could be chosen. However, if fatigue is more critical, 
the axis for fatigue can be observed and instantly, choice of B2 would be optimum. If low 
temperature behaviour is crucial, then bitumen B1 would be a better alternative. It is to be noted 
that these diagrams can be modified to incorporate other relevant parameters when necessary; 
and if properties are considered to be more relevant than others for a specific project, it could 
be possible to add scalar weights to each axle, which will impact the computation of the overall 
area. An example of this diagram have been presented in Figure 14. 





Figure 14 Performance Diagram [13] 
 
3 RECOMMENDATIONS FOR FURTHER RESEARCH 
Considerable amount of materials were tested and are presented in the Core Publications and 
Submitted Manuscripts sections which include testing on multiple unmodified and modified 
bitumen and mastics made using different fillers and proportions. However, there is still need 
to test more materials in order to acquire accurate threshold values for performance diagram 
and tests that were developed. This would involve testing of more types of bitumen and fillers 
and various mastic combinations among them including varying ageing conditions. Moreover, 
more parameters such as chemical analysis could be integrated into the diagram to have a more 
complete overall behaviour. In addition, additional testing of asphalt mortars and mixtures 
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Abstract: Fatigue performance of bitumen holds great importance in the design and fatigue 
behaviour of asphalt pavements. However, there are still gaps in knowledge about the influence 
of different experimental conditions, such as temperature and frequency, on the degradation of 
bitumen under cyclic loading. In this research, stress-controlled fatigue tests at three 
temperatures (-10°C, 15°C and 20°C) and at two loading frequencies (10Hz and 20Hz) were 
performed on cylindrical specimens of a 50/70 grade bitumen, using a recently developed 
fatigue testing protocol in a Dynamic Shear Rheometer (DSR). These state-of-the-art specimens 
could be efficiently utilised at multiple temperatures and frequencies with low dispersion 
among results. The number of cycles to fatigue failure was defined using an energy ratio method 
derived from dissipated energy (DE) approach. Experimental data were analysed following 
several approaches, including traditional fatigue curves, as well as DE vs. load cycles (N), DE 
vs. applied stress and load cycles at failure (Nf), and Nf vs. initial DE curves. Moreover, ‘failure 
lines’ using the DE and Nf values were also constructed and assessed. A testing temperature of 
15°C was determined to be a ‘frequency-free transition temperature’ for this bitumen, as the 
‘failure lines’ at 10Hz and 20Hz overlapped. Additionally, a temperature and frequency 
independent fatigue data representation was obtained when analysing the initial DE and Nf data. 
Lastly, images of the cracked specimens were also used to qualitatively analyse the degradation 
and fatigue failure caused at the different testing conditions.  
 
Keywords: bitumen, fatigue cracking, dissipated energy, stress-controlled fatigue testing, DSR 
fatigue testing.  
 






Fatigue cracking in asphalt pavements results from the repeated action of cyclic loading that 
leads to damage accumulation and progressive cracking of the asphalt layers [1]. In the past 
decade, multiple experimental fatigue test procedures on asphalt mixtures have been developed 
and implemented [2]. Additionally, fatigue failure analysis and characterisation of asphalt 
mixtures has been performed using different approaches that include phenomenological 
techniques, continuum damage mechanics, fracture mechanics and energy dissipation methods 
[1,3,4]. However, most fatigue test procedures and analysis approaches are time and effort 
consuming. Owing to this challenge and to the considerable amount of research showing a 
strong relationship between fatigue properties of the asphalt mixture and that of its 
corresponding bitumen and mastics, the experimental fatigue characterisation of asphalt binders 
and mastics is a state-of-art field of study with significant research potential [5–9].  
The resistance to fatigue cracking of bitumen has been commonly investigated using the 
Dynamic Shear Rheometer (DSR) with the parallel plate-plate 8mm and 25 mm configurations. 
In this test, the specimen is subjected to repeated torsional strain- or stress-controlled loading 
conditions, and the resulting response is correlated to fatigue damage and fatigue life (i.e. 
number of cycles to failure).  
There are multiple methods and failure criteria to evaluate the fatigue resistance of bitumen 
using DSR results. One of the easiest approaches involves the characterisation of the fatigue 
life or number of cycles to failure, Nf, of the bitumen through an experimentally-obtained 
phenomenological power law function [1]: 
                   𝑁𝑓 = 𝑎 ∙ 𝑋
𝑏                                               (1) 
where X can be any loading amplitude (stress, strain or energy dissipated); and a and b are 
experimentally fitted constants, which are material-property related.  
Most traditional fatigue tests are typically performed under strain-controlled conditions, using 
a common definition of failure as the load cycle where the magnitude of the shear modulus has 
been reduced by half of its initial modulus. Owing to its simplicity and ease, this method is 
widely used; however, it has been questioned since the failure criterion is arbitrary and could 
be inaccurate for modified bitumen [1,10,11].  
Another parameter that was introduced as part of the Superpave system to estimate fatigue 
resistance of bitumen based on DSR testing data, was the |G*|·sinδ parameter, where |G*| is the 
dynamic complex modulus and  is the phase angle of the binder tested at 10 rad/s. The testing 




is undertaken at intermediate temperatures and the results are used to determine the low 
performance grade of the bitumen. Even though simple and easy to determine, this parameter 
has shown to relate poorly to actual fatigue cracking [12,13]. This is mainly due to the fact that 
linear viscoelastic properties of a material are damage-free parameters and, consequently, do 
not properly capture the complexity of fatigue degradation. 
Another commonly used approach to characterise fatigue degradation is the quantification and 
assessment of the dissipated energy (DE) of the material. This concept characterises fatigue 
behaviour by correlating the energy dissipated per loading cycle to the resulting fatigue damage 
[14,15]. The DE is quantified as the area under of stress-strain hysteresis loops [1,15]. In a 
stress-controlled test, as the fatigue test progresses, the loops increase in size, increasing also 
the DE values. This loss of energy or DE includes mechanical work, viscous losses, heat and 
mechanical damage [1]. For fatigue tests under stress-controlled conditions, the DE is usually 
calculated using the following formula: 
𝑊𝑖 =  𝜋𝜎𝑖 𝑖 𝑠𝑖𝑛 𝛿𝑖                                                         (2) 
where 𝑊𝑖  is the DE, 𝜎𝑖 is the stress level; 𝑖  the strain level; and 𝛿𝑖 the phase angle in the ith 
cycle.  
Another simpler form of the DE approach was developed by Hopman et al. (1989) [16] in the 




                                                              (3) 
where 𝑊𝑛 is the energy ratio; N is the loading cycle; 𝑤0 is the DE in first load cycle; and 𝑤𝑁 is 
the DE at the nth load cycle. Notice that this equation normalizes the progression of DE by the 
viscous DE of the initial load cycles, in order to only account for the DE associated to damage 
processes. 
Also, in 2000, Rowe and Bouldin [4] used the change in the dynamic shear modulus or stiffness 
of the material, which is related to the changes in DE, to quantify fatigue damage using the 
‘reduced energy ratio’ (Rn) for both strain- (𝑅𝑛
𝜀 ) and stress- (𝑅𝑛







                                                               (4) 
   𝑅𝑛
𝜎 = 𝑁 ∙ |𝐺𝑁
∗ |                                                          (5) 
where |𝐺𝑁
∗ | is the dynamic shear modulus at the corresponding N loading cycle. 
Using the appropriate equation depending on the type of fatigue test, the fatigue life or Nf of the 
material can be numerically and graphically determined as the peak value of the product of the 




stiffness, |G*|, and the number of load cycles, N, in a graph of |G*|·N vs. N. The peak value in 
this graph denotes the point where the micro cracks develop into macro cracks [17]. This is 
considered a practical method to identify fatigue failure, which does not require complex data 
acquirement and analysis.  
A more recently developed approach to determine fatigue damage in bitumen, which has 
become very popular, is the Linear Amplitude Sweep (LAS) test, which is described in detail 
in the AASHTO TP 101-14. This test consists on a strain-sweep procedure in the DSR to 
systematically accelerate damage by increasing the cyclic loading strain amplitudes at a 
constant frequency. In short, it uses the results of frequency and strain sweep tests in 
combination with a Viscoelastic Continuum Damage mechanics (VECD) model to determine 
the fatigue life of a bitumen [18,19]. Although there is not a specific temperature to conduct 
this test, it is of utmost importance to choose the correct test temperature as it greatly influences 
the damage mechanism [20]. One recognized challenge of the LAS test is the use of the 8 mm 
plate, which has commonly reported to lead to failure occurring due to debonding of specimen 
from the plates [6,20,21]. As a result, sometimes the binder-steel plate bond is tested rather than 
fatigue damage performance of the bitumen. Furthermore, the gap between the plates have to 
be increased for modified bitumen and mastics. In addition, while the LAS test is relatively fast 
and can be easily performed, the use of the VECD model to determine the characteristic damage 
behaviour of the material has been observed to be insufficient to properly capture changes in 
the material properties of the bitumen, such as ageing, when estimating its fatigue life 
[19,22,23].  A recent improvement to the LAS test is the Pure Linear Amplitude Sweep (PLAS) 
test, which does not require the initial  frequency sweep test used in the LAS procedure, uses a 
new cracking index based on fracture mechanics to analyse the resulting testing data, and has 
shown to be more sensitive to ageing conditions [22,23]. However, the strain sweep protocol 
shares the same testing challenges as those mentioned for the LAS test [6,20,21]. 
As observed, even though there have been important advancements, there are still some 
limitations when using the parallel plate-plate configuration for fatigue testing in the DSR. In 
this context, fatigue testing using a modified sample geometry, such as a "cylindrical column", 
is innovative alternative for bitumen, mastic and mortar testing characterisation. These 
specimens were initially produced by TU Delft for conducting efficient frequency sweeps of 
mortars [24]. They have since been adapted for fatigue testing of bitumen. This fatigue bitumen 
column specimen test has been shown to be effective for the fatigue characterisation of 
unmodified and modified bitumen, as well as for mastics and mortars [7,25–27]. 




Other than the specimen and testing DSR geometry discussion, it is still not completely clear 
which is the most appropriate temperature-frequency combination to perform bitumen and 
mixture fatigue testing. If the testing temperatures are too high, edge flow can occur during 
cyclic loading as the bitumen behaves largely in a viscous manner. On the other hand, if the 
temperatures are too low, adhesion cracking could be observed due to the increase in stiffness 
of the material [13]. Anderson [28] obtained equivalent conclusions, and also defined a 
transition temperature between the internal fatigue damage and the unstable plastic flow at the 
edges of the sample. Safaei and Castorena [20] used 8mm parallel and cone plate geometry in 
the DSR at temperatures of 5°C, 20°C and 35°C and a 0.1Hz to 30Hz frequency range. They 
differentiated between three damage mechanisms based on test temperatures: low temperatures 
lead to failure due to brittleness and loss of adhesion; intermediate temperatures cause cohesive 
cracking and; high temperatures result in bulging of the sample. They further concluded that 
the test temperatures should be chosen so that the sample fails due to cohesive cracking, which 
is the actual representation of the fatigue damage of the bitumen. Hospodka et al. [6] suggested 
that bitumen and mastic fatigue testing could be properly undertaken in the DSR with a 8mm 
parallel plate geometry at a temperature of 10°C and 30Hz frequency. Rochlani et al. [7] has 
conducted tests with small column cylinders in the DSR at a temperature-frequency 
combination of 20°C and 10Hz for bitumen and mastics. These testing conditions, however, 
were arbitrarily selected only because they are a common standard for fatigue testing of asphalt 
mixtures. As seen, there are variations among the specimen geometries and testing conditions 
to study fatigue resistance of bitumen, hence making it imperative to continue acquiring 
knowledge about the fatigue mechanisms that could be used to propose a set of proper testing 
conditions.  
The primary objective of this study is to assess the influence of temperature and frequency 
conditions on bitumen fatigue damage using a recently developed column cylindrical specimen 
testing in the DSR and a DE analysis approach. To achieve this goal, tests were conducted on 
one bitumen at three different temperatures (10°C, 15°C and 20°C) and two loading frequencies 
(10Hz and 20Hz). The choice of these temperatures comes from the fact that the standard 
conditions for fatigue testing in Germany for asphalt and bituminous materials are 20°C and 
10Hz [7]. Hence, temperatures close to 20°C were chosen, while the choice of a higher 
frequency comes from the need to reduce the testing time. The experimental results were 
comprehensively evaluated to understand temperature-frequency effects on DE and fatigue life 
of bitumen.   





2. Materials tested  
For this study, a bitumen of penetration grade 50/70 that is commonly used for road construction 
in Germany was selected. The actual penetration was 52 (1/10mm) and the softening point 
51.4ºC. Figure 1 presents the master curve of the dynamic shear modulus and phase angle (i.e., 
|G*| and ) of the bitumen in unaged condition. Further details about the rheology and other 
testing conducted on this bitumen can be found in Rochlani et al. [7].  
 
 
Figure 1. Master curves for dynamic shear modulus and phase angle of the bitumen  
 
3. Testing Specimens 
The fatigue testing sample preparation procedure starts with heating the bitumen to a 
temperature of 160°C. Then small metal rings (outer Ø 8mm, inner Ø 7mm) are added on the 
top and bottom portion of the moulds. The role of these metal rings is to allow clamping the 
specimen in the rheometer to avoid direct bitumen contact with the fixtures. After this, the 
material is stirred for several seconds to ensure homogeneous conditions, and then poured into 
a specially designed silicone mould with the moulds. The mould is then cooled down to room 
temperature and stored in a refrigerator at a temperature of 2°C, so as to harden and maintain 
its shape until tested. The resulting specimens have a height of 20mm, a top and bottom 
diameter of 8mm with the end rings, and of 7mm without these rings, while the actual dimension 
of the tested part has a height of 11mm and a 6mm diameter. These dimensions provide the 
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in the future, something that is not possible with the parallel plate configuration. Figure 2a 
shows the silicone mould that was used to fabricate the samples, while Figure 2b shows the 
dimensions of the specimen, and Figure 2c shows the testing specimen in the DSR. For testing, 
the bottom end of the specimen was fixed in the rheometer and the top end was subjected to 
torque (Figure 2b).  
 
           
                        (a)                                                    (b)                        (c) 
Figure 2. a) Silicone mould with specimens, b) specimen dimensions, and c) fatigue specimen in the DSR 
 
A common problem observed during the initial experimentation with these specimens was that 
they tended to break near the metal rings due to the stress concentration (i.e., border effects) in 
this region (Figure 3a). To reduce the stress concentration a smooth fillet with a radius of 0.4mm 
was provided at the bitumen-ring interface, therefore, the testing column had a lower diameter 
(6mm) than the inner diameter of the ring (7mm). When failure occurred at or near this region, 
the specimen was discarded. Only those tests in which failure occurred in the middle of the 
specimen were further evaluated (Figure 3b). It is noteworthy that these errors have been 
minimised by experience, including the use of a proper mould, caution during sample 
preparation and sufficient clamping in the machine. Currently, the number of samples that need 
be discarded is neglectable, proving that the selected shape and size provides good accuracy for 
testing bitumen (modified and unmodified) and mastics [7,26,29] .  
6 mm 
11 mm 20 mm 
8 mm 





             (a) Failure at the top/bottom of the column.                             (b) Failure at the centre of the column. 
 
Figure 3. Failure paths in fatigue test with a column sample in the DSR. 
 
4. Testing Method  
Shear stress-controlled fatigue tests were undertaken on the cylindrical column specimens at 
the three selected temperatures (10°C, 15°C and 20°C) and the two frequencies (10Hz and 
20Hz). The choice of 20Hz came from the need to perform the test at a faster rate, since at 10Hz 
is possible to conduct 36,000 load cycles in an hour, while at 20Hz, 64,000 load cycles are 
completed in an hour. However, higher frequencies could also result in higher DE values [6], 
which justifies the necessity to assess the fatigue response of the material under these 
conditions. Stress-controlled tests were preferred over strain-controlled test because it is easier 
to pinpoint the fracture point under this configuration [30]. Furthermore, the German standard 
TP Asphalt-StB, Teil 24 [31] conduct fatigue tests under stress-controlled mode.  
A total of seven to eight stress levels were chosen per testing condition, in order to properly 
construct the fatigue function of the material. One replicate was done for each stress level. The 
stresses for testing were chosen based on experience to keep the initial strain (strain at 100 load 
cycles) in the range of 0.5% to 2%, so as to maintain an equivalent point of comparison as 
mentioned in the German fatigue testing standards [31]. The stress levels at 20°C were 50kPa 
to 250kPa, at 15°C they were 150kPa to 350kPa and at 10°C they were 250kPa to 525kPa, 
independently of the loading frequency. In these tests, the initial stiffness was taken as the value 
at 100 load cycles, as recommended in previous works [4,7]. The number of load cycles at 
failure or Nf, was defined using the Rowe’s energy ratio method, although the results were 
further analysed using the DE at various load cycles.  
 
5. Typical Test Results 
This section briefly presents typical test results obtained. Firstly, the |G*|N vs. N graphs are 
used to illustrate how the fatigue life of the specimens was determined. Secondly, selective 




hysteresis loops are shown to qualitatively illustrate the progression of fatigue damage in the 
material. 
 
5.1 Fatigue Life Determination 
The fatigue life or Nf at each temperature-frequency-stress level combination was computed 
using the Rowe’s energy ratio. As explained before, failure is defined at the point where the 
product of the number of load cycles and the dynamic shear modulus (|G*|N) is the highest or, 
graphically, as the peak in the |G*|N versus N curve. Figure 4 illustrates the |G*|N versus N 




Figure 4. |G*|N versus the number of load cycles (N) for different stresses applied. 
 
5.2 Hysteresis Loops 
The hysteresis loops at five distinct load cycles for some tests were selected to illustrate the 
typical degradation of the material. They were chosen such that the first loop or point of analysis 
was at load cycle of 100, while the fourth was the failure point as determined by the energy 
ratio method. Two intermediate loops were selected between the first and the failure condition, 
and one additional loop was taken after the failure took place. Figure 5 presents the loops at 
these five number of load cycles for the tests done at 20°C–10Hz at a stress level of 250kPa; at 
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Figure 5. Hysteresis loops at different load cycles for test at a) 20°C and 10Hz @ 100 kPa b) 15°C and 10Hz @ 
300kPa c)10°C and 10Hz @ 500kPa. 
 




The figures show that, as the tests progress, the slope that represents the stiffness of the material 
decreases, as expected for a stress-controlled fatigue method. It can be also observed that the 
area of the hysteresis loops increases with the number of cycles, representing the progression 
of DE and damage. Often times, a slight distortion in the loop shape can be also observed in the 
loops especially after the first loop (Figure 5). This is believed to be mainly an indicative of the 
development of micro cracks that results in discontinuities in the stress paths, thereby leading 
to distortions in the response or the loop [32].  
 
6. Results and Analysis  
6.1 Traditional Fatigue Curves  
Figure 6 shows the conventional fatigue curves of Nf vs. applied stress, while Table 1 provides 
the slope analysis conducted for these fatigue curves.  
The influence of frequency and temperature on fatigue life becomes evident in the results of 
this figure. As temperatures decreases, the fatigue curves tend to shift to the right. The reason 
is that for applied given stress level, lower temperatures would result in a larger Nf value than 
higher temperatures. It can also be seen that the curves for the two frequencies (10Hz and 20Hz) 
intersect for both 20°C and 10°C, while at 15°C, the fatigue curves at the different frequencies 
tend to be parallel. Furthermore, the 10Hz and 20Hz combinations at 15°C, along with 20°C–
10Hz and 10°C–20Hz combinations, appear to be approximately parallel (i.e. slopes of 0.017, 
0.015, 0.021 and 0.015 kPa-1, respectively, from Table 1), whereas the 20°C– 20Hz and 10°C–
10Hz curves also appear parallel (i.e. slopes of 0.032 and 0.027kPa-1, respectively).  
The change in the slopes due to an increase in frequency, presented in Table 1, shows that the 
slope difference at both frequencies at 15°C was merely 13.33%. Similar slopes at this 
temperature could represent a similarity in the viscoelastic behaviour of the bitumen, which 
seems to be relatively unaffected by frequency. On the contrary, there is major shift in the slopes 
for the other two temperatures that perhaps indicates a change from a viscous to a more solid 
behaviour with an increase in frequency. Interestingly, Hofko et al. [6] obtained slightly lower 
slope values (range of 0.010-0.011kPa-1) for mastic fatigue at 10°C and 30Hz testing, using a 
hyperboloid specimen shape for similar traditional fatigue curves as presented above. 
Additionally, Rochlani et al. [33] presented results of three bitumen in different ageing 
conditions at 20°C and 10Hz, and found a slope value in the range of 0.03-0.04kPa-1 for unaged, 




0.02kPa-1 for RTFOT aged and PAV aged. These data suggest that the slopes of traditional 
bitumen fatigue function seem to reduce with ageing and with the addition of fillers.   
These and existing results show that the slopes for bitumen, therefore, tend to fall within a 
similar value range of 0.03-0.015 [-]. Hence with further testing of different bitumen and ageing 
conditions, perhaps an acceptable area with threshold values on the traditional curves could be 
created as a quality control for a particular chosen stress level, which would allow an initial 
quality determination using just two to three tests at a different stress levels.  
 
 
Figure 6. Fatigue functions for the unaged bitumen and mastics tested 
 
Table 1. Slopes analysis of fatigue curves  
Combination Absolute value 




20°C-10 Hz 0.021 
52.23 
20°C-20 Hz 0.032 
15°C-10 Hz 0.017 
13.33 
15°C-20 Hz 0.015 
10°C-10 Hz 0.025 
40.00 
10°C-20 Hz 0.015 
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6.2 Fatigue Curve Representation Based on DE and Applied Stress 
Fatigue curves based on DE values are a common alternative to the traditional fatigue curves 
presented in section 6.1. Thereby, Figure 7 presents the DE at failure with respect to the applied 
stress at all testing conditions. Triangle markers and unbroken lines correspond to combinations 




Figure 7. DE at failure as a function of the applied stress.  
 
As observed, as the temperature decreases, the curves shift to the right, as for the same applied 
stress level, lower values of DE at failure are obtained at lower temperatures, owing to the 
higher stiffness of the material resulting in a lower strain. Moreover, at any given temperature 
and the same stress level, the material tested at 10Hz dissipated more energy at failure than its 
20Hz counterpart. This result was also expected, since under a fixed temperature, the stiffness 
of the bitumen increases with frequency. However, it is interesting to note the differences in 
DE at both frequencies is lower at lower temperatures. For example, at 200kPa and 20°C, the 
bitumen dissipated 3.07 times more energy at failure when tested at 10Hz in comparison to 
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at 10Hz than at 20Hz; and at 400kPa the bitumen tested at 10°C only dissipated 1.07 times more 
energy at 10Hz than at 20Hz. This trend suggests, that if the temperature would be further 
reduced or the frequency increased, there would not have been significant differences in the 
dissipated energy at failure of the material. However, conducted testing at those conditions is 
challenging; indeed, most researchers have conducted fatigue testing at temperatures above 
10°C as the stiffness of the material is too high at temperatures below this value [21,34–36], 
and because at lower temperatures the main mechanism of failure of the material might be 
different from fatigue damage [20].  
Another interesting observation is that the curves for 20°C at 20Hz and 15°C at 10Hz are 
relatively close to one another, indicating that the materials releases similar DE at these 
combinations. This similarity could be due to the time-temperature superposition behaviour of 
bitumen. However, it is interesting that this similarity in the degradation process at these two 
conditions does not imply equal fatigue life, as demonstrated by the slopes of the fatigue life 
curves in Figure 6 and Table 1.  
 
To deepen the understanding of the effects on DE due to different temperatures and frequencies, 
failure lines were constructed and discussed in the following section.  
 
6.3 Failure Lines – DE vs. N curves 
Figures 8, 9 and 10 present the relationship between the dissipated energy and the number of 
cycles (DE vs. N) for 20°C, 15°C and 10°C, respectively. These lines were plotted for each test 
at each stress level and frequency condition (circular markers for 10Hz tests and triangular 
markers for 20Hz tests) at the three temperatures. Additionally, ‘failure lines’ were constructed 
in each figure by running a line through the corresponding DE value at the failure point (i.e., 
Nf) for each stress level and frequency condition. These DE ‘failure lines’ are presented in red 
colour in these figures for all temperature-frequency combinations. Dotted red lines represent 
the failure line for 10Hz testing frequency, while the continuous straight failure lines correspond 
to 20Hz.  
 



















Figure 10. DE vs. N curves at 10°C and failure lines for 10Hz (dotted line) and 20Hz 
(continuous line). 
 
As observed, failure lines at 20ºC – 10Hz and 20Hz (Figure 8) intersect at an N value of 3 x105 
[-] or at a DE of 2kPa. Before this intersection, the data at 20Hz test conditions exhibit a lower 
DE at failure than the 10Hz test frequency, for any given value of N. After this intersection, the 
trend is seen to reverse. However, the differences between the curves before intersection is more 
significant for lower values of N, while the difference is less significant for higher N. On the 
other hand, Figure 9 shows that the failure lines at 15ºC and both frequencies tend to overlap. 
This suggests that at this temperature the DE at failure is frequency-independent. Finally, Figure 
10 which presents the failure lines at 10°C, presents an opposite trend as that observed for 20ºC 
(Figure 8). That is, before the intersection point (i.e., N equal to 4x105), the 10Hz tests have 
lower DE at failure as compared to the results at 20Hz. This is similar to Figure 6 presented in 
section 6.1, where the slopes were observed to follow a similar trend; i.e., in that figure, Nf is 
higher for 10Hz than for 20Hz at 20°C for low stress levels, and vice versa for 10°C; while for 
15°C, the slopes were similar. These transitions in DE in this section and slopes in the previous 
section indicate a transition from brittle to ductile in the behaviour of the bitumen, while at 
15°C, the material seems to be in an intermediate transitional phase, where the effects of 
frequency are negligible.  
These same trends could be observed in Figure 11, which summarizes the failure information 
(DE at failure) of the six temperature-frequency combinations at five different N values (1x103, 
1x104, 1x105, 1x106 and 1x107). This figure clearly shows that the test at 10Hz and 20°C has a 
higher DE at failure for lower N values in comparison to the results at the same temperature 
and 20Hz, while the opposite occurs at 10ºC. The shift in these trends for values of N larger 
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Figure 11. Failure lines at 10°C for 10 Hz (dotted line) and 20 Hz (continuous line). 
 
All previous information show that, for this bitumen, 15°C could be considered a ‘frequency-
free transition temperature’. This transition temperature could also be indicative of the damage 
behaviour changing from fatigue damage to plastic deformation or viscous effects or other damage-
related processes at higher temperatures. It further enforces the results from Anderson et al. 
[34], who conducted time-sweeps on bitumen in the range of 10°C to 25°C and concluded that 
for unmodified RTFOT aged bitumen, there was a transition temperature observed at around 
18°C, which represents a change from a the region between pure fatigue damage and instability 
flow. Shen et al. [37] also identified 12°C to be a transition temperature for unmodified bitumen 
of penetration grade 50/70 and conducted tests at this temperature. They found that 
temperatures below 12°C were more representative of fatigue, while over this value the 
degradation process captures both fatigue and instability flow behaviour of the bitumen. While 
many researchers have introduced the concept of a transitional intermediate temperature for 
fatigue testing, the construction of failure lines for its easy identification offers a new way to 
identified it.  
The results herein obtained not only reinforce that each bitumen might have an intermediate 
‘transition temperature,’ but they also suggest that, at this temperature, the effects of frequency 
are neglectable. Before and after this temperature, the influence of temperature in the 




mechanical behaviour and degradation of the material (less stiff vs. stiffer) is evident. It is 
hypothesized that this could be a time-efficient test temperature as a specimen could be 
subjected to 64000N/hour at 20Hz, instead of 36000N/hour at 10Hz, which would be beneficial 
from a practical point of view. Nevertheless, additional tests with other bituminous materials at 
different ageing and modified conditions and within a larger range of temperatures are needed 
to confirm this hypothesis.  
 
6.4 Temperature-Frequency Independent Fatigue Representation 
While the previous section indicated 15°C as being a transition temperature with negligent 
frequency effects, an interesting temperature-frequency independent fatigue data representation 
was obtained when analysing the initial DE at N equal to 100 versus Nf. This is presented in 
Figure 12 for 10Hz (orange line with circles) and 20Hz (blue line with triangles) for all the tests 
done at the three temperatures (10°C, 15°C and 20°C).  
 
 
Figure 12. Number of load cycles until fatigue failure as a function of the initial DE for all 
temperatures at 10Hz (orange circle data points) and 20Hz (blue triangle data points).  
 
Regardless of the temperature value, the two frequency lines show a good correlation in terms 
of the initial DE and the Nf with R
2 values of 0.93 and 0.92 for 10Hz and 20Hz. Since the 10Hz 
and 20Hz lines were so similar, the data points of the six combinations were combined, and a 
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initial DE and Nf is independent of both frequency or temperature, with an R
2 of 0.90. Using 
the equation of the trend line, the following exponential relation is obtained: 
 
𝑁𝑓 = 𝐶1𝑒
𝐶2𝐷0                                                        (5) 
where  
𝐶1= y-axis intercept or 𝑁𝑓value at 0 initial DE = 1637442.49 kPa 
𝐶2= slope; equal to -0.57 for this bitumen 
𝐷0=initial DE at 100 load cycles 
Thereby, for the specific bitumen herein studied, the equation is the following: 
𝑁𝑓 =  1637442.49𝑒
−0.57𝐷0                                           (6) 
Additionally, upper and lower limits were defined using the standard deviation of the data, so 
that the value of C1 could be in the range of 1.1×10
6 to 2.17×106.  
 
 
Figure 13. Combined failure function for all frequency-temperature combinations tested with 
upper and lower limits 
 
This temperature and frequency independent relationship could provide an alternative way to 
represent fatigue degradation and predict the Nf value using only the initial DE, regardless of 

























conditions and bitumen materials, this would mean that the DE at a lower loading cycle obtained 
at a specific applied stress level, and at any combination of temperature and frequency, would 
be enough to compare the expected Nf of a set of bitumen materials or to predict Nf of a bitumen 
at any frequency-temperature-stress combination. To do the later, it would be necessary to first 
perform fatigue tests at any pair of temperature-frequency combinations, in order to determine 
the fitting parameters (i.e., C1 and C2) of Equation 5. Afterwards, the number of load cycles 
until fatigue failureNf at any other frequency-temperature-stress combination could be 
estimated by only running the initial 100 cycles of the test, computing DE at that point, and 
using the obtained equation to estimate the expected Nf result. This would make fatigue testing 
economical, reducing the time and effort required.  
 
6.5 Type of Fracture  
While quantitatively many differences were observed among the different temperature-
frequency combinations in previous sections, a qualitative comparison of the conditions of the 
specimens at failure is herein presented to further emphasise the ductile to brittle transition or 
the ‘fatigue plus plastic deformation’ to ‘pure fatigue’ transition visible when passing from 
20°C to 10°C.  
While many researchers have shown the fracture of bitumen and mastic specimens with the 
8mm plate [6,21,30,37], the failure condition of column cylindrical bitumen specimen are rare. 
The complete failure or rupture of the testing specimens occurred shortly after Nf was reached. 
As an example of the results, Figure 14 presents the fractured specimens tested at 250 KPa, at 
each temperature-frequency combination. Dotted lines indicating cracked planes were also 
presented in these figures.  
Figures 14a and 14b show the fracture plane at 20°C for 10Hz and 20Hz respectively, where a 
slight swelling of the specimen is visible in both the images, perhaps indicating small levels of 
localised flow and resulting permanent deformation near the failure plane. Figures 14c and 14d 
present the fracture plane at 15°C for 10Hz and 20Hz respectively, where a nearly straight 
diagonal rupture planes (i.e., shear failure plane) can be observed, with no visible swelling of 
the specimens. Lastly, Figures 14e and 14f illustrate the failure planes at 10°C for 10Hz and 
20Hz respectively, where a complete cracked throughout the specimen is observed; in this case, 
small angular pieces of the bitumen were observed to be expelled from the specimen in the 
temperature chamber of the DSR. This further evidence that a reduction of temperature changes 
the cracking mode of the bitumen from ductile to brittle.  






                                            (a) 20°C-10Hz               (b) 20°C-20Hz 
 
                                            (c) 15°C-10Hz               (d) 15°C-20Hz 
 
                                            (e) 10°C-10Hz               (f) 10°C-20Hz                   
Figure 14. Rupture of specimens for different temperature-frequency combinations at a stress 
level of 250KPa 
 
Additionally, an image analysis was done by changing the contrast on the images to identify 
crack patterns close to failure. Figure 15a shows images of the specimen during the beginning 
of the test, while 15b show images towards the end of the test. From the latter image, horizontal 
cracks can be observed, which are indicative of fatigue damage. Overall, it can be said that the 
samples fail cohesively, which is a main recommendation of fatigue testing in bitumen, as 
discussed in [20]. 




      
                     (a) Before failure                                          (b) After failure 
Figure 15. Cracking mode of the specimens. 
 
6. Conclusion 
Stress-controlled fatigue tests were carried out using small column cylindrical specimens with 
a DSR on a 50/70 penetration grade bitumen. The tests were undertaken at three temperatures 
– 10°C, 15°C and 20°C and at two frequencies – 10Hz and 20Hz. Specimens at the six 
temperature-frequency combinations were tested over a range of stress levels. As expected, it 
was seen that both temperature and frequency had an impact on the fatigue degradation and 
failure of the materials.  
The following conclusions were drawn based on the experimental results: 
• The column cylindrical specimens in the DSR show potential for efficient fatigue testing 
and hence, could be used as an alternate to existing testing methods. The specimens 
could be efficiently utilised at multiple temperatures and frequencies.  
• Traditional fatigue curves indicated that the slopes were very similar for the two tested 
frequencies at 15°C. At 20°C, the slope of 10Hz was observed to be steeper than that at 
20Hz, and at 10°C the an inverse result of the slope variations with frequency were 
obtained, indicating the change in the bitumen behaviour from a stiff condition to less 
stiff and more viscous response. While slopes of traditional curves could be indicative 
of the material behaviour, the DE at failure provides a more convenient representation 
of the damage process occurring with the specimen. Therefore, it is highly 
recommended to include DE considerations in fatigue studies.  
• Failure lines of DE and Nf showed that testing frequency had almost no influence on the 
dissipated energy values at 15°C. Hence, this temperature was identified as the 
‘frequency-free transition temperature’ for this bitumen. Thereby, testing at this 




temperature would more time efficient and hence beneficial from a practical point of 
view. This transition temperature could vary from bitumen to bitumen, and is expected 
to be dependent on modification and aging conditions. 
• A temperature and frequency independent fatigue data presentation was developed 
within this research for the relationship between the initial DE and Nf. This relationship 
was found to follow an exponential function, and it was identified as a new efficient 
method to predict the Nf of a bitumen at a specific temperature-frequency-stress level 
testing conditions based only on the initial DE. While the hypothesis held true for this 
bitumen, its validity needs to be verified with further intensive testing of this bitumen 
and other materials. 
• The qualitative analysis of the fractured specimens verified the expected change in the 
damage mechanism from ductile to brittle failure with a reduction in temperature.  
In order to verify the conclusions here enlisted, further detailed research is planned and 
currently in process. 
7. Further Research 
Future testing would be conducted for different ageing conditions on unmodified and modified 
bitumen, as well as on mastics and mortars. Also, additional temperature-frequency 
combinations will be considered. This would enable to understand how material behaviour 
changes with respect to testing condition variations, and to verify the initial DE vs. Nf 
relationship herein presented. Additionally, other specimen shapes are also being tested in order 
to overcome the shortcomings of the current specimen shape and to quicken the failure by 
adding a notch. Additionally, more detailed research should be undertaken to understand the 
thermal changes and heating of the specimen during testing e.g. using a thermal imaging 
camera.   
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